P reterm birth is a problem of great global importance, and in many countries worldwide prematurity rates are on the rise. 1, 2 Because of advances in perinatal care, case fatality in very preterm infants has markedly decreased over the last decade. 3, 4 As a growing number of very preterm-born children reach adulthood, new health challenges arise. 5 Former preterm infants are known to develop adverse cardiometabolic traits in adulthood. [6] [7] [8] [9] [10] We have recently shown that these children exhibit unfavorable vascular risk profiles already at preschool age [11] [12] [13] including alterations in total and lowdensity lipoprotein cholesterol (LDL-C). 13 It is unknown, however, whether the apolipoprotein composition-conferring lipoprotein functionality and atherogenicity-is also altered. The functional roles of apolipoproteins include transport and redistribution of lipids among tissues, maintenance of lipoprotein structure as well as regulation of lipid metabolism. 14, 15 In the last decades, apolipoprotein imbalances have been implicated in health and disease including atherogenic processes. [16] [17] [18] [19] [20] [21] For instance, a large long-term communitybased study, the Bogalusa Heart Study, showed that children aged 5 to 17 years with low apolipoprotein A-I concentrations and high ratios of apolipoprotein B to apolipoprotein A-I appear to be at increased risk of later-life coronary artery disease. 22 Apolipoprotein levels are related to the composition of diet and are controlled by hormonal pathways, which might be affected by preterm birth. 23 In the neonatal period, apolipoprotein concentrations are known to rely on gestational age. 23, 24 Whether distinct apolipoprotein patterns persist into early childhood is unknown to date. The aim of the present study was to determine plasma concentrations of 12 apolipoproteins in very preterm and term-born individuals at 5 to 7 years of age and to evaluate apolipoprotein differences between these children and adults.
Methods

Study Design
The data that support the findings of this study are available from the corresponding author upon reasonable request. The current investigation is part of the cross-sectional study "Very preterm infants and early markers for an increased risk of cardiovascular disease," which examined former very preterm-born children and term-born controls at 5 to 7 years of age at Innsbruck University Hospital, Austria, from May 2012 to March 2015. The detailed study protocol has been published elsewhere. [11] [12] [13] All participants undergoing fasting blood sampling at study visit were considered eligible for apolipoprotein measurements. Ethical approval was obtained in advance from the institutional review board of the Medical University of Innsbruck. Written informed consent was obtained from all legal guardians and verbal assent from all study participants before inclusion in the study. The corresponding author had full access to all the data in the study and takes responsibility for its integrity and the data analysis. The Bruneck Study is a prospective, population-based survey of the epidemiology and pathogenesis of atherosclerosis and cardiovascular disease (CVD). 16 An age-and sexstratified random sample of all inhabitants of Bruneck, Italy, all of white descent, was enrolled in 1990. In 2000, 702 subjects were still alive, and participated in the second quinquennial follow-up. Measurements taken in 2000 served as the baseline for the present study (n=688). The study protocol was approved by the ethics committees of Bolzano and Verona, and conformed to the Declaration of Helsinki. All study subjects gave written informed consent.
Perinatal Characteristics
Basic perinatal data for each subject were either drawn from the routine follow-up database of children born very preterm at our institution or the "Mutter-Kind-Pass" records, the official Austrian pregnancy and early childhood medical record book. Remaining data were inquired at the study visit. Birth weight zscores were calculated for every participant by means of the Fenton 2013 growth charts. 25 Maternal educational status was classified as <12 years or 12 years and more. Infant feeding was categorized as "mainly breastfed," if the content of mothers' milk exceeded 50% in the first month of life.
Study Visit
At study visit, weight was measured by means of calibrated medical precision scales with the participants wearing indoor clothes without shoes. Height was determined by a Harpenden stadiometer. Body mass index (BMI) was calculated as weight in kilograms divided by height in meters squared. BMI z-scores were calculated for each study participant by means of a reference data set. 26 Waist circumference was measured in duplicate with participants standing feet slightly apart at the level midway between the lower rib border and the iliac crest; hip circumference was measured in duplicate at the widest level over the major trochanter to the nearest millimeter with a flexible, nonelastic measurement tape as described previously. 27 Waist-to-hip ratio was calculated as mean waist circumference divided by mean hip circumference. Skinfold thickness was measured in triplicate by means of a medical caliper on the nondominant side of the body with observer and subject standing and the arm hanging freely as described previously. 28 Tricipital skinfold thickness was measured halfway between the acromion and the olecranon, parallel to the longitudinal axis of the arm. Subscapular skinfold thickness was measured %20 mm below the tip of the scapula, at an angle of 45°to the lateral side of the body. 28, 29 Every measurement was recorded to the nearest 0.1 mm, and means of all 3 measurements were calculated. Body fat content was estimated by age-and sex-specific formulas according to Slaughter et al. 30 Childhood nutrition habits were assessed by means of an established standardized food frequency questionnaire ("What do you eat?", kindly provided by the Robert Koch Institute, Berlin, Germany). 31 A
Clinical Perspective
What Is New?
• Term-born children at preschool age had plasma levels of apolipoprotein C-III and C-II and high-density lipoprotein cholesterol concentrations quantitatively similar to the adult range; however, the pattern of high-density lipoproteinassociated apolipoproteins was substantially different (much lower apolipoprotein A-I and C-I but higher A-II, A-IV, and M) and interrelationships between apolipoproteins suggest apolipoprotein C-III and C-II mainly reside on highdensity lipoprotein particles.
What Are the Clinical Implications?
• Comparing children born term and preterm, apolipoprotein A-I, A-IV, C-II, and C-III were significantly higher in the latter group and high levels of apolipoprotein C-II and apolipoprotein C-III may represent a pro-atherogenic risk factor among preterm-born children already in early life.
"food pattern index" was calculated by means of a scoring system based on the consumption frequency of 7 "indicator foods" that are generally regarded as healthy (fruit, vegetables, wholegrain bread) or unhealthy (soft drinks, fast food, chocolates, salty snack foods such as potato chips following the manufacturer's instructions. In brief, plasma samples were diluted 1:4000 in assay buffer and 10 lL of diluted plasma was used per well. One hundred fifty microliters of each antibody-immobilized bead for apolipoprotein CII, apolipoprotein CIII, and apolipoprotein E were mixed and topped up to 3 mL with Bead diluent. QC1, QC2, and the apolipoprotein calibrator cocktail were reconstituted with 250 lL deionized water and mixed thoroughly. The calibrator was further diluted to 1:5, 1:25, 1:125, 1:625, 1:3125, and 1:15 625, in assay buffer. After washing and drying the plate, 65 lL of assay buffer, 10 lL of assay buffer/serial dilution of calibrators/QC1/QC2/diluted samples, and 25 lL of the premixed beads were added to each well before the plate was sealed, wrapped in foil, and incubated at 700 rpm for 1 hour at room temperature. A handheld magnetic plate was used to gently remove well contents, and the plate was washed 3 times using the washing buffer. Subsequently, 50 lL of detection antibodies mixture was added to each well, and the plate was incubated at 700 rpm for 30 minutes at room temperature. The wash step was repeated before adding 50 lL of streptavidinphycoerythrin per well for a final incubation of 30 minutes. After a third wash step, the plate was prepared for analysis on FlexMap 3D by resuspending the beads in 100 lL of sheath fluid on a plate shaker for 5 minutes. The median fluorescent intensity data were analyzed to calculate apolipoprotein concentrations in the samples. A dilution factor of 4000 was applied to the concentrations to correct for the sample dilution. Moreover, apolipoprotein A-1 (DY3664, R&D Systems) levels were measured in a subset of 18 term-born children, for which residual samples were available and 27 participants of the Bruneck Study using DuoSet ELISA Development kits and DuoSet Ancillary Reagent Kits 2 (R&D Systems) according to the manufacturer's instructions. Absorbance at 450 nm was measured on a plate reader (Tecan Infinite 200 Pro) using 570 nm as a reference wavelength. Results were calculated using a 4-parameter logistic fit.
Statistical Analysis
Statistical analyses were carried out with SPSS for Windows, version 24 (SPSS Inc, Armonk, NY) and R version 3.4.4 (R Foundation for Statistical Computing, Vienna, Austria). Comparisons with term (SIDS database Tyrol, birth years 2007-2009) and preterm (Innsbruck routine follow-up database of very-preterm-born children, birth years 2007-2009) reference populations (population characteristics) as well as between the term-and very preterm-born study group (perinatal characteristics and characteristics at study visit) were carried out with Fisher exact test or Mann-Whitney U test, depending on the type of variable analyzed. Correlation analyses were carried out using the Spearman's rank correlation coefficient. Lipid variables were clustered using agglomerative hierarchical clustering on the basis of complete linkage, defining the distance between 2 variables as 1 minus their correlation. Differences in apolipoprotein concentrations between the term-born and preterm groups and between term-born and adult groups were assessed by Mann-Whitney U test. For these analyses, the Benjamini-Hochberg procedure was used to correct for multiple testing with an accepted false discovery rate of <0.05. For results significant in the termborn versus preterm analysis, linear regression on logtransformed concentrations was performed to investigate group differences under multivariable adjustment. Fold change was obtained by back-transforming coefficients. Multivariable adjustment was for age at examination, sex, birth weight z-score, current BMI z-score, type of infant feeding, and childhood nutrition profile. Accordance between apolipoprotein measurements obtained by liquid chromatography mass spectrometry and antibody-based Luminex assay is shown in Figure 1 
Results
The study population comprised 34 children born at term and 84 born very preterm. 12 Plasma samples for apolipoprotein measurements were available in 26 former term and 38 former very preterm infants. Both groups did not differ in relevant characteristics from the respective groups in the overall study population. Gestational age in the very preterm study group was similar to that of all very preterm-born children in the same survey area and period (n=186) as were sex distribution, birth weight, and maternal educational status. The control group of term-born infants did not significantly differ from the general Tyrolean birth cohort of the same survey period (n=2548) regarding these characteristics.
Comparison of Very Preterm-Born and Term-Born Children
Details on perinatal characteristics and characteristics at study visit are depicted in Table 1 . The very preterm-born children had significantly lower BMI z-scores but higher total cholesterol, LDL-C, and HDL-C levels compared with term-born children. The frequency of small for gestational age, distribution of maternal educational status, and type of infant feeding, waist-hip ratio, skinfold thickness, and estimated body fat percentage did not differ between both groups. Regarding apolipoproteins, very preterm-born children had higher apolipoprotein A-I, A-IV, C-II, and C-III concentrations than term-born children, which maintained significance under multivariable adjustment. Details are provided in Tables 2 and 3 . Given the importance of apolipoprotein C-II and apolipoprotein C-III in the clearance of triglyceride-rich lipoproteins, the apolipoprotein measurements by multiple-reaction monitoringbased mass spectrometry were validated using a custom magnetic antibody bead panel. Apolipoprotein-E was used as a control. Measurements of apolipoprotein C-II, C-III, and E obtained with the 2 assays were highly correlated even though absolute values were different (Figure 1, n=64) . When using the antibody-based measurements, the key differences for apolipoprotein CII and CIII between very preterm-born and term-born children could be replicated while, as expected, no change was observed for apolipoprotein E: median (interquartile range) of term group versus very preterm group apolipoprotein C-II 11.2 mg/dL (9.0; 12. 
Comparison of Preschoolers and an Adult Population
Fasting apolipoprotein and cholesterol concentrations in term-born children were in part similar and in part different from levels in an adult population from the same geographic region (Bruneck Study, Table 4 ). 16 In line with other studies, HDL-C of preschoolers was at or even above the level measured in adults, while LDL-C was lower and estimated very-low-density lipoprotein cholesterol (VLDL-C) was particularly low. 33 The apolipoprotein patterns in preschoolers partly reflected the underlying lipoprotein distributions but deviated in important aspects: (1) Despite low VLDL-C in preschoolers, plasma levels of apolipoprotein C-II and C-III were quantitatively similar to the adult range. (2) At preschool age, plasma levels of typical HDL-associated apolipoproteins were substantially different from those observed in adults with much lower levels of apolipoprotein A-I and C-I but higher levels of apolipoprotein A-II, A-IV, and M. Details are displayed in Table 4 . Consistent with these findings, apolipoprotein A-I levels, measured by ELISA, were substantially lower in termborn children than in adults: median (interquartile range) 61.7 (40.7; 97.4) versus 120.3 (66.0; 225.7), P=0.006.
Correlations between apolipoproteins and lipids were similar in very preterm and term-born preschool children and, thus, shown for both groups combined (Figure 2A) . The correlation pattern in preschoolers differed from that in adults 16 ( Figure 2B ) in that apolipoprotein C-II and C-III were markedly correlated with the typical HDL-associated apolipoproteins A-I and D and HDL-C (apolipoprotein C-III only).
Discussion
Little is known about apolipoprotein levels and homeostasis in children, especially in those born preterm. In this study, plasma concentrations of a broad range of apolipoproteins Luminex assay. Apolipoprotein (Apo) concentrations were measured using a custom magnetic antibody bead panel and were compared against concentrations measured by MRM-based mass spectrometry). Measurements were highly correlated (Spearman correlation coefficients r); however, absolute concentrations were different. MRM, multiple-reaction monitoring.
were determined in term-and very preterm-born preschool children by applying multiple-reaction monitoring-based mass spectrometry. To the best of our knowledge, these are the first data on apolipoprotein levels other than apolipoprotein A-I and B in preschool children.
Lipid Trajectories in Early Life
Cholesterol levels in our preschool children were substantially lower than those in fetal life. In seminal studies from the late 1990s, average total cholesterol was as high as 427 mg/dL in young fetuses (<6 months), correlated with maternal cholesterol levels, and decreased to lower levels (237 mg/dL) in older fetuses. 34, 35 It is presumed that cholesterol in the fetus derives from de novo synthesis rather than maternal or placental cholesterol. Levels of LDL-C and triglycerides in our preschool children were also lower than in adults, which is in accordance with the published literature. 33, 36 In healthy children, LDL-C progressively rises into adulthood, showing a first peak just before puberty and a temporary decline thereafter. 37, 38 The rise in LDL-C parallels the increase in lean body and fat mass during transition from childhood to adolescence. 39 HDL-C increases during the first 2 years of life, is already high in childhood (around 65 mg/dL), and decreases during puberty-more in males than in femaleswith lowest levels at about 16 years of age. 39 Hepatic lipase is regulated by sex hormones (particularly androgens) and may play a role in the HDL trajectory during puberty. Hepatic lipase modulates HDL-C metabolism and lowers the plasma HDL-C levels through its triglyceride hydrolase and phospholipase activities. 40 Srinivasan et al studied lipoprotein values in 5-to 14-yearold children as part of the Bogalusa Heart Study and found that HDL is the prevailing lipoprotein in children (mean particle mass in the fasting stage 403 mg/dL), followed by LDL (189 mg/dL) and small amounts of VLDL (37 mg/dL). 
Apolipoprotein Profiles
Apolipoprotein profiles partly reflect the distribution of lipoprotein particles. For example, lower apolipoprotein B level in preschoolers is proportional to the lower LDL-C and particularly VLDL-C concentrations. However, HDL apolipoprotein patterns substantially deviate from those in adults. In particular, levels of apolipoprotein A-I, which are thought to mediate the reverse cholesterol transport and the antiatherogenic potential of HDL, and the apolipoprotein A-I to HDL-C ratio were about 50% below the adult levels, whereas apolipoprotein A-II, A-IV, and M concentrations emerged as significantly higher in the pediatric study population. [41] [42] [43] The substantially lower apolipoprotein A-I levels in preschoolers were confirmed by ELISA-based apolipoprotein A-I measurements. In the Bogalusa Heart Study, low apolipoprotein A-I in children translated to an increased CVD risk in later life. 22 Levels of apolipoprotein C-I, which mainly resides on HDL particles in a fasting stage, were also markedly lower in preschool children. While the reason for this finding is not clear, it may contribute to the low VLDL levels in children because apolipoprotein C-I decreases VLDL clearance from plasma and low apolipoprotein C-I may, thus, confer more efficient clearance.
Apolipoprotein C-II and Apolipoprotein C-III
Remarkably, apolipoprotein C-II and C-III levels (in children) were similar to (those in) adults. Unlike adults, however, apolipoprotein C-II and C-III appear to mainly reside on HDL particles in children as indicated by marked correlations with typical HDL-associated apolipoproteins and HDL-C (Figure 2A ). Apolipoprotein C-III ranks among the apolipoproteins most strongly related to CVD risk in adults, and this applies to both apolipoprotein C-III on VLDL and HDL particles. 19 The proportion of these (apolipoproteins) particles on HDL and VLDL is in part related to triglyceride levels, with more being found on VLDL with higher triglycerides. 44 The Nurses' Health and Health Professionals Follow-Up Studies recently attempted to define effects of the apolipoprotein C-III content on HDL. Remarkably, HDL particles enriched with apolipoprotein C-III conferred a high risk of CVD. 45 In another study, HDL particles with high apolipoprotein C-III content stimulated endothelial pro-apoptotic pathways. 46 Finally, apolipoprotein C-III exerts several proatherogenic properties independent of lipid metabolism. 47 Therefore, the high overall HDL-C levels in children and the even higher levels in the very preterm population (see below) might not be considered as protective against CVD but could be potentially pro-atherogenic. Further large-scale studies are required to provide more evidence on the effects of HDL on CVD in children.
Effects of Prematurity on Apolipoprotein Profiles
In comparison to term-born preschoolers, our very pretermborn children displayed significantly higher total cholesterol levels (both HDL-C and LDL-C) and higher levels of apolipoprotein A-I, A-IV, C-II, and C-III under adjustments for age at examination, sex, birth weight z-score, current BMI z-score, type of infant feeding, and childhood nutrition profile. Of note, all these apolipoproteins are under control of the apolipoprotein A-I/C-III/A-IV gene cluster located on the long arm of chromosome 11q23. 48 High glucose levels and insulin resistance have been shown to upregulate transcription of this gene cluster. 49 Our very preterm-born children group indeed exhibited significantly higher glucose levels than the term controls. 13 Higher ApoA-I levels in preterm-born preschoolers, as observed in our study, is in accordance with a study by Breukhoven reporting higher ApoA-I levels in preterm-born young adults. 50 There are several publications on apolipoprotein levels in preterm infants after birth and in the early postnatal period. Results at these time-points, however, cannot be compared with our preschool children, because gut immaturity, parenteral nutrition, and early enteral feedings are known to substantially influence apolipoprotein levels. 23 
Limitations and Strengths
A limitation of the current study is the small sample size with apolipoprotein measurements being available in 26 former term and 38 former preterm children and the small amounts of The table is confined to apolipoproteins with an uncorrected P<0.05. *P value and fold changes derived from analyses adjusted for age at examination and sex. † P value derived from an analysis adjusted for age at examination, sex, birth weight z-score, current body mass index z-score, type of infant feeding, and childhood nutrition profile. residual blood samples, which precluded selective measurement of apolipoproteins on isolated HDL. A main reason for small sample size is that both written informed consent from the legal guardians and verbal assent for taking blood samples from the study participants themselves are required, which is challenging in entirely healthy preschool children. However, our results are novel and further larger studies will give more comprehensive insights. For example, because of the low numbers of children small for gestational age at birth (term: n=2, preterm: n=2), no separate analysis could be conducted. However, exclusion of small-for-gestational-age-born children yielded similar results. In addition, although the comparison of apolipoproteins concentrations between healthy term-born and very preterm-born preschool children was adjusted for various potential confounders (age at examination, sex, birth weight z-score, current BMI z-score, type of infant feeding, and childhood nutrition profile), residual confounding cannot be excluded. Strengths include the high methodological standards and the very same measurement methods (multiple-reaction monitoring-based mass spectrometry) applied to the pediatric and adult populations (same laboratory and same team). Although liquid chromatography mass spectrometry quantification provides protein concentrations, liquid chromatography mass spectrometry measurements are performed at the peptide level. Thus, absolute values may differ compared with protein measurements using antibody-based techniques. We validated our key findings for apolipoprotein C-II and apolipoprotein C-III from the liquid chromatography mass spectrometry-based measurements by standard assays. Even though absolute concentrations were different, apolipoprotein levels obtained by both methods were highly correlated.
Conclusion
In conclusion, our study gives novel insights into apolipoprotein levels of preschool children and characterizes potential effects of prematurity. Apparently, HDL particles in preschoolers might have a distinct apolipoprotein composition and probably also function compared with adults. High levels of apolipoprotein C-III may represent a pro-atherogenic risk factor already in early life, given the concept that not only the absolute levels of proatherogenic lipids and apolipoproteins but also their cumulative duration of exposure matters for CVD risk.
